The present article is concerned with a theoretical and experimental study of the growth kinetics of pearlite in a 0.4C-1.6Mn medium carbon steels. Factors controlling the isothermal formation of this microconstituent are explored in this work. In this sense, the transition temperature between local equilibrium (LE) and no partition local equilibrium (NPLE) growth mechanisms is theoretically determined. Moreover, the nucleation of pearlite has been considered as a cementite precipitation process on a moving austenite-ferrite interface. Finally, a theoretical model is presented in this work to calculate the evolution of austenite-to-pearlite transformation with time at a very wide temperature range.
compositions, which tipically contain 0.4 wt.% C, <0.6 wt.%Si and 1.6 wt.% Mn.
2-Experimental Procedure
Cylindrical dilatometric test pieces of 2 mm in diameter and 12 mm in length were machined parallel to the rolling direction of the bar. Experimental validation of the pearlite transformation kinetics model developed in this work was carried out using the heating and cooling devices of an Adamel Lhomargy DT1000 high-resolution dilatometer described elsewhere [14] . The heating device consists of a very low thermal inertia radiation furnace. The power radiated by two tungsten filament lamps is focussed on the specimen by means of a bi-elliptical reflector. The temperature is measured with a 0.1 mm diameter Chromel -Alumel (Type K) thermocouple welded to the specimen. Cooling is carried out by blowing a jet of helium gas directly onto the specimen surface.
These devices ensure an excellent efficiency in controlling the temperature and holding time of isothermal treatments and as well as fast cooling in quenching processes.
Austenitisation conditions were fixed to avoid the influence of the austenite grain size on the kinetics of pearlite formation. Since the transformation rate of pearlite is higher the finer the prior austenite grain size (PAGS), a coarse PAGS of 76 mm was selected to make easier the experimental study of the transformation kinetic of pearlite. Thus, specimens were austenitised at 1523 K for 1 min and subsequently isothermally transformed at temperatures ranging from 943 to 873 K during different times. In order to freeze the microstructure at those temperatures, specimens were quenched to room temperature by helium gas flow at a cooling rate of 200 K/s. Specimens were polished in the usual way for metallographic examination. Nital -2pct etching solution was used to reveal the ferrite+pearlite microstructure by optical microscopy. The volume fraction of pearlite (V p ) was statistically estimated by a systematic manual point counting procedure [15] . The maximum volume fraction of pearlite ( EQ P V ) formed during the isothermal decomposition of austenite at 943, 933, 913 and 873 K was again determined by a combination of dilatometric and metallographic analysis.
Special metallographic preparation was required to reveal the interlamellar spacing of pearlite.
Deep primary etching with a solution of picric acid in isopropyl alcohol with several drops of Vilella's reagent was used to ensure that any deformed layer introduced by polishing was removed.
This etching was eliminated using the 1 and 0.25 mm diamond pads with almost no pressure being exerted on the sample for no longer than 3 to 4 min. The sample was then etched again, this time lightly, and polished carefully on the 1 and 0.25 mm diamond pads. Finally, a light etch was given to the sample. This preparation procedure was carefully detailed in Ref. [16] . The values of the mean true interlamellar spacing (S o ) were derived from electron micrographs according to Underwood's intersection procedure described in Refs. [16] and [17] .
The austenite-to-allotriomorphic ferrite (Ae 3 ) and austenite-to-pearlite (Ae 1 ) critical temperatures were experimentally determined by dilatometric and metallographic analysis. Initially, both temperatures were estimated from a dilatometric curve obtained by continuous cooling at a rate of 0.05 K/s. This is the rate normally used for considering quasi-equilibrium conditions [18] . Figure 1 shows the dilatometric curve obtained during austenite transformation by continuous cooling processes. Since the difficulty for monitoring separately the pearlite and proeutectoid ferrite transformation, the Ae 1 temperature was more accurately determined after several isothermal heat treatments at temperatures ranging from 953 to 933 K. Thus, a temperature of 948 K could be defined as the Ae 1 temperature for the studied steel.
3-Calculation of the interface compositions
The interface compositions at the a/g and a/q boundaries under LE and NPLE growth mechanisms have been calculated according to the method firstly reported by Kirkaldy and co-workers [19] [20] .
Thermodynamic data for the calculation of the compositions in ferrite (a), austenite (g) and cementite (q) phases in a Fe-C-Mn system are listed in the Appendix. The equilibrium condition can be expressed by the equality of the chemical potentials of each element in both phases at the interface. The chemical potentials of carbon, Mn and Fe in ferrite, austenite and cementite are calculated assuming Hillert -Staffanson regular solution model, and are expressed as follows. The numbers 0, 1 and 2 denote, respectively, Fe, C and Mn. Likewise, the average mole fractions are designated as i x (i=1 to 2), and the mol fractions in each phase as x i (i=0 to 2).
In austenite and ferrite; 
where w 02 is the Fe-Mn interaction coefficient, e's are the Wagner's interaction coefficients, and . In the case of LE mechanism the equilibrium conditions can be expressed as follows. (8) Equations (6) 
On the other hand, equation (6) for iron (i=0) can be rewritten as follows: (9), (10) and (11), respectively. Therefore, it is possible to numerically calculate the value of ga 1 x for each temperature.
An expression for the equilibrium between cementite and austenite may be obtained from the subtraction of equation (7) from (8) . Expanding the equations for the chemical potentials according to the expressions from (1) to (3), and restricting attention to low alloy steels where x 2 <<1, y 2 <<1, x 0 @1 and y 0 @1, equation (7) 
According to Sharma et al. [21] , the tie line for the Mn concentration is expressed by the following
Expanding equation (7) according to equations (1) x under NPLE mechanism at the g/q interface is calculated from equation (15) but considering (13)).
4-Theoretical determination of the maximum volume fraction of pearlite (

EQ P V )
The EQ P V formed after the complete isothermal decomposition of austenite can be determined by applying the lever rule at the phase diagram schematically presented in Fig. 2 known as Hultgren's extrapolation. As it was pointed out by Christian [22] , pearlite starts to form at temperature below Ae 1 , and there is a temperature (T* in Fig. 2 ) at which pearlite is the only decomposition product of austenite. In this sense, the maximum amount of pearlite obtained at temperatures ranging from Ae 1
and T* could be expressed as, From this figure the carbon content at the a/g and g/q interface can be easily obtained, and thus
at different temperatures can be derived using equation (16) . 
5-Evaluation of the transition between LE and NPLE mechanisms
The partitioning coefficient of manganese, K p , between ferrite and cementite is calculated using the following expression
At temperatures closer than the theoretical eutectoid temperatures, K p is expected to have a larger value since the supersaturation of austenite is small, and the mobility of Mn atom is high at those temperatures. Thus, the value of K p decreases with temperature and reaches the unity when no partitioning condition occurs at both g/a and g/q interfaces. Once the reliability of the model for K p calculation has been proved, the variation of K p with isothermal temperature for the Fe-0.4C-1.6Mn steel studied in this work has been calculated. The effect of previous proeutectoid ferrite transformation has been taking into account assuming carbon enrichment in the residual austenite. Therefore, the change in the bulk carbon concentration is expressed in the following equation:
where F is the volume fraction of proeutectoid ferrite transformed during the isothermal decomposition of austenite. Thus, the change in bulk carbon concentration at each isothermal temperature should be taken into account in the calculations of the interface concentrations of equation (17) . Figure 4 (b) shows the evolution of K p with the isothermal temperature in the studied steel considering the corresponding carbon enrichment in austenite due to proeutectoid ferrite formation. This figure suggests that the isothermal formation of pearlite occurs with partitioning of manganese at a temperature of 893 K, which is consistent with the value of ~895 K reported by
Tewari and Sharma in a 0.69C-1.8Mn eutectoid steel [23] .
6-The onset of pearlite transformation
Since proeutectoid ferrite is usually the first phase to develop on isothermal heat treatment, pearlite nodules nucleate on the austenite-proeutectoid ferrite (a p ) interface. It has been observed that the formation of pearlite requires the establishment of cooperative growth of ferrite and cementite [24] .
The previous formation of proeutectoid ferrite enriches in carbon the surrounding austenite promoting the formation of cementite nucleus at the g/a p interface and the local reduction of carbon content in the austenite that surrounds the cementite nucleus leads to the ferrite formation of pearlite aggregate. The simultaneous ferrite and cementite formation process yields to the characteristic lamellar structure of pearlite.
Aaronson et al. [25] analysed the conditions under which nucleation is feasible at moving disordered interface boundary. The restriction that the migration rate of the g/a p boundary,
which nucleation may take place must not exceed that which displaces this boundary a distance equal to the austenite lattice parameter in the time required for an embryo to develop to the critical nucleus size should be satisfied. He concluded that 
Boltzmann constant; T is the isothermal temperature; D C
g is the carbon diffusion coefficient in austenite at the isothermal temperature; K is the ratio between the volume of the double spherical cap critical nucleus and that of a sphere of the same radius; DG V is the volume free energy change;
cosy is the ratio between the interfacial energies of disordered a/g (s ag ) and a/q (s aq ) boundaries, and is defined as cosy=s ag /2s aq .
In this work, a value of K= 0.0001 has been considered [25] . Likewise, a g has been calculated as reported by Dyson and Holmes considering the dependence of alloying elements on the lattice parameter of austenite [26] . Likewise, the value of DG V for cementite nucleation at 913 and 873 K has been calculated as reported by Zener [27] . Values of a g and DG V at 913 and 873 K are listed in Table 1 .
Calculations of where x(q) is the carbon concentration dependent factor obtained according to Bhadeshia's calculations [28] and takes values listed in Table 1 ; DG* is the activation energy for diffusion; g m is an activity coefficient assumed constant; l is the distance between the {002} austenite planes and h is the Planck's constant. Bhadeshia [28] Table 1 .
Finally, assuming that the g/a p interface is a planar disordered boundary and of infinite extent, the velocity of the moving interface ( ag G ) diminishes with time as follows,
where a 1 is the one-dimensional parabolic growth rate constant and t represents the growth time.
Bradley and Aaronson [29] The values of W and a 1 for temperatures of 913 and 873 K are listed in Table 1. A comparison between equations (19) and (21) allows us to evaluate the time required to start to form pearlite during the isothermal decomposition of austenite in the steel studied (t*). However, it is necessary to evaluate the value of s aq and s ag in the studied steel in order to determine 
7-Calculation of ferrite-cementite interfacial energy (s aq )
When the growth rate of pearlite is controlled by the bulk diffusion of carbon in austenite, Zener (23) or (24) Figure 7 shows a comparison between calculated and experimental t* values for the studied steel. From this figure it can be concluded that a good agreement between experimental and predicted values of t* exists.
8-Modelling of austenite-to-pearlite transformation
Puls and Kirkaldy [32] , in their review on the pearlite reaction showed the following expression for the pearlite growth velocity based on Hillert´s theory when the growth rate of pearlite is controlled by the bulk diffusion of carbon in austenite ahead of the interface or NPLE condition [33] :
where g is a geometric factor equal to 0.72; g C D is the carbon diffusion coefficient in austenite; S c is the theoretical critical spacing at zero growth rate; S q and S a are the thickness of cementite and ferrite lamellae, respectively. The ratio between S q and S a was assumed to be 7.
The pearlite growth in the partitioned reaction may be controlled by the alloying element interface diffusion (boundary diffusion model) [34] . The growth rate, in that case is expressed as follows:
where K P is the boundary segregation coefficient calculated according to equation (17); The overall transformation kinetics of pearlite was described by Johnson-Mehl-Avrami theory, and here is adapted for hemispherical particles of radius r p nucleating at the g/a p boundaries at a rate I after incubation time t. The particles grow with a constant rate G LE or G NPLE depending on the temperature range studied. In order to determine the volume fraction of pearlite formed at a given temperature, a series of planes parallel to the boundary and spaced a distance dy apart are considered. If the radius of a particle exceeds the distance y of a plane from the boundary, then the area of intersection of that particle with the plane is determined as Fig. 8 illustrates. The total of such areas of intersection on one plane for all particles growing from the boundary is the extended area of transformation on that plane.
If the area of intersection is ( ) (
, the change in extended area of pearlite on one plane due to particles emanating from one boundary in the time interval from t to t+dt can be expressed as:
for r p >y, otherwise dO e =0. The O b is the total area of the plane. Assuming that I is constant, substituting f=y/Gt, and integrating over all incubation times, from t=0 to t=t-(y/G), the total extended area of pearlite on one plane is obtained:
( ) 
If it is assumed that there is no interference from particles emanating from other g/a p boundaries, then the total volume of pearlite originating from one boundary, b V , can be calculated by integrating the actual area over all the planes y. Thus,
If V is the total volume of the assembly and S V the g/a p boundary surface area per unit volume, the total extended volume transformed from all boundaries ( e V ) can be calculated from the following equation not considering the hard impingement or overlapping of regions emanating from different boundaries:
This can be converted into the actual volume of pearlite, V p , using the following equation (related to equation (31))
where EQ P V is the maximum amount of pearlite obtained after the complete isothermal decomposition of austenite calculated according to equation (16) . It follows that the extent of the pearlite reaction, x, is therefore:
The g/a p boundary area per unit volume, S V , can be estimated assuming that proeutectoid ferrite nucleates at the austenite grain surface under the condition of site saturation and grow within the austenite grains. Such assumption gives [37] ( )
where S g is the austenite grain boundary per unit volume; F is the volume fraction of proeutectoid ferrite transformed before pearlite reaction starts. Assuming that austenite grains have a tetrakaidecahedra geometry [36] , S g =3.35/d g where d g is the austenite grain diameter.
The nucleation rate of pearlite on g/a p boundary per unit area (I) has been calculated as reported by Reed and Bhadeshia [31] . The values of the parameters used in the calculation of pearlite volume fraction as a function of time at 913 and 873 K are listed in Table 2 . Figure 9 shows the experimental and predicted evolution of V p during the isothermal decomposition of austenite at 913 and 873 K, assuming either full partition of alloying elements (boundary diffusion) or carbon partition (bulk diffusion) between austenite and pearlite. It could be concluded from this figure that partitioning of manganese is the dominant mechanism controlling pearlite growth during isothermal decomposition of austenite at 913 K, whereas partitioning of carbon occurs at 873 K.
9-Conclusions
1. The kinetics of austenite-to-pearlite transformation has been described in a wide temperature range for a 0.4C-1.6Mn forging steel. The proposed kinetic model successfully considers the change in pearlite growth mechanisms at low and high supersaturation.
2. The transition temperature between LE and NPLE growth mechanisms has been theoretically determined at 893 K for a 0.4C-1.6Mn. This result is consistent with experimental measurements of this temperature carried out by Tewari and Sharma [23] in a similar steel.
3. The onset of pearlite transformation occurs when carbon concentration of saturated austenite falls into the denominated Hultgren's extrapolation of the phase diagram, and simultaneously, the g/a p interface progresses at a rate lower than The thermodynamic parameters for this work are taken from Uhrenius' tabulation [38] which has been adapted to a sub-regular solution model. 1.5´10 -6 5.8´10 
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